INTRODUCTION
============

Micro/nanoscale surface patterns that can endow materials with unique and intriguing physical, chemical, and biological properties have attracted growing scientific interest ([@R1]--[@R9]), with a particular focus on the exploitation of dynamic surface patterns to realize a controllable adjustment of surface properties such as optical characteristics, friction, wettability, and adhesion ([@R3], [@R10]--[@R23]). Among numerous alternative processes for generating patterned surfaces, especially with dynamic morphology, surface wrinkles of a stiff skin bound to an elastomeric substrate have been harnessed to create reversible patterns that are responsive to external stimuli and provide unique dynamic characteristics of surface morphology and properties. Wrinkles occur to minimize the total energy of the bilayer system when the compressive strain (ε), caused by the modulus mismatch between the skin layer and the substrate induced by thermal, mechanical, or osmotic stimuli, exceeds the critical threshold (ε~c~), defined by the mechanical properties of the bilayer system ([@R24]--[@R28]). According to linear buckling theory, the characteristic amplitude (*A*) of the sinusoidal wrinkles can be predicted on the basis of the applied strain ε in the system ([@R13]), as in [Eq. 1](#E1){ref-type="disp-formula"}$$\text{ln}(\mathit{A}^{2} + \mathit{h}_{f}^{2}) = ~\text{ln}4\varepsilon + \left( \text{ln}2\mathit{h}_{f} + \frac{2}{3}~\text{ln}\overline{\mathit{E}_{f}} + \frac{2}{3}~\text{ln}3\overline{\mathit{E}_{s}} \right)$$

Here, *A*, *h*~*f*~, ε, and *Ē* represent the amplitude of the wrinkles, the thickness of the skin layer, the applied strain, and the plane-strain modulus, respectively, and the subscripts f and s refer to the skin layer and the substrate in the bilayer system. For a given thermally induced wrinkle system, the compressive strain can be estimated as$$\varepsilon = (\alpha_{s} - \alpha_{f}) \times \Delta\mathit{T}$$where α~s~ and α~f~ are the linear thermal expansion coefficients for the substrate and the skin layer, respectively, and Δ*T* represents the temperature variation. If the parameters *h*~f~ and $\overline{\mathit{E}_{s}}$ are fixed, then the modulus of the top layer ($\overline{\mathit{E}_{f}}$) and the applied strain (ε) can be used as control parameters for the regulation of the formation and size of wrinkle patterns.

By precisely regulating the modulus of the top layer ($\overline{\mathit{E}_{f}}$) and the applied strain (ε), a series of dynamic wrinkles with responsive morphology have been developed on the basis of bilayer systems; for example, the wrinkle pattern can be tailored reversibly through externally imposed stimuli such as wetting and dewetting of the solvent ([@R4], [@R29]--[@R32]) and the stretch and release of prestrain ([@R3], [@R33]--[@R38]). Seki *et al*. ([@R39]) and Lu *et al*. ([@R40]) demonstrated the light-erasable wrinkles on a poly(dimethylsiloxane) (PDMS) substrate, respectively, in which the top azobenzene-containing polymer layer could be softened and compressive stress released by the trans/cis photoisomerization of azobenzene moieties upon illumination. By regulating the modulus and cross-linking density of the skin layers via the dynamic chemistry, such as the reversible Diels-Alder reaction, photodimerization, and supramolecular chemistry, our group recently developed a facile strategy for the fabrication of multiresponsive dynamic wrinkling patterns ([@R13], [@R41], [@R42]). To mimic the wrinkling phenomenon of finger skin after prolonged exposure to water, Sun and co-workers ([@R29]) demonstrated three types of moisture-responsive wrinkles by tailoring the cross-link degree/gradient of the polyvinyl alcohol top layer to allow for moisture-dependent changes in the modulus and swelling degree. In these works, much attention was paid to the design and fabrication of complicated stimulus-responsive materials as the skin layer in the bilayer system to realize a dynamic patterned surface, in which the surface morphology is always dependent on physical or chemical properties of the top layers. This means that the morphology and surface composition cannot be regulated independently of each other.

Here, by controlling the applied strain (ε) via near-infrared (NIR) light radiation, we demonstrated a simple and general strategy for the fabrication of NIR-responsive dynamic wrinkle patterns based on bilayer systems, in which the PDMS substrate was modified by incorporating a small amount of single-walled carbon nanotubes (CNTs), and varieties of functional polymers can serve as the top stiff layers ([Fig. 1A](#F1){ref-type="fig"}). Owing to the high photon-to-thermal energy conversion efficiency and absorption ability in the NIR region, the thermal expansion of the elastic CNT-PDMS substrate can be easily tuned by the NIR irradiation, resulting in the regulation of the applied strain (ε) of the bilayer system dynamically to obtain the reversible wrinkle patterns. As a noncontacting and harmless stimulus, NIR provides an expedient and efficient approach to spatially and temporally tuning the surface features and inherently has the unique advantages of ultrarapid response, controllable operability, and region selectivity for the resulting dynamic wrinkling pattern over other stimuli such as solvents ([@R4], [@R29]), temperature ([@R13]), electrical and magnetic fields ([@R43], [@R44]), and mechanical force ([@R3], [@R35]). This NIR-responsive dynamic wrinkle provides a facile and general approach for the fast morphology control of a functional surface on demand and may find potential applications in smart displays, dynamic gratings, and light control electronics.

![Schematic illustration of NIR-driven dynamic wrinkle pattern fabrication.\
(**A**) Fabrication process of NIR-driven dynamic wrinkles. RT, room temperature. (**B**) Temperature variation of CNT-PDMS in NIR on/off switch. (**C**) Atomic force microscopy (AFM) images to test reversibility of the NIR-driven wrinkles. NIR intensity is approximately 1.5 W/cm^2^.](aar5762-F1){#F1}

RESULTS
=======

Strategy for the fabrication of NIR-driven dynamic wrinkles
-----------------------------------------------------------

The key strategy for the fabrication of the NIR-driven dynamic wrinkle patterns is illustrated in [Fig. 1A](#F1){ref-type="fig"}. The PDMS elastomer containing a small amount of CNTs (CNT-PDMS) served as the substrate owing to its high thermal expansion coefficient. The incorporation of 0.05% CNT reduced the transparency of the PDMS elastomer to an acceptable level (fig. S1) and had no obvious effect on the mechanical performance of the PDMS elastomer. The Young's modulus and thermal expansion coefficient (α~s~) of the obtained CNT-PDMS (0.05%) are approximately 2 MPa and 3 × 10^−\ 4^/°C, respectively. Upon exposure to NIR irradiation (λ = 808 nm, 1.5 W/cm^2^), the surface temperature of the CNT-PDMS elastomer monitored by an infrared camera increased rapidly and could reach over 100°C from room temperature after irradiation for 3 min ([Fig. 1B](#F1){ref-type="fig"} and figs. S2 and S3). The rapidly increasing temperature of the CNT-PDMS elastomer containing a small amount of CNT (0.05%) by NIR irradiation should be ascribed to two factors: the high photon-to-thermal conversion efficiency of the CNTs and the low thermal conductivity of the PDMS substrate. The heating rate and the maximum temperature of CNT-PDMS depend on the CNT contents and NIR light intensity. The surface temperature of pure PDMS elastomer without CNTs remained almost unchanged after NIR irradiation. After removing NIR irradiation, the samples cooled to room temperature at a rate that was lower than the heating rate ([Fig. 1B](#F1){ref-type="fig"} and figs. S3 and S4).

The CNT-PDMS was used as the substrate for bilayer systems, and various functional polymers could be coated onto the CNT-PDMS elastomers as the top stiff layers for designing the functional surface. For example, random fluorinated copolymer poly(styrene-*co*-perfluorooctyl acrylate) (PSF; *M*~n~ (number-average molecular weight) = 24,600 g mol^−1^, *M*~w~ (weight-average molecular weight)/*M*~n~ = 1.44; fig. S7) was spin-coated on CNT-PDMS as the stiff layer with the thickness of 122 nm. Upon heating to 80°C for 3 min, an equibiaxial compressive stress σ was generated upon cooling the bilayer sample to room temperature, owing to the considerable mismatch between the modulus and thermal expansion ratio of the elastic CNT-PDMS substrate and the stiff top layer of the functional polymer (α~s~ ≫ α~f~), which induced the wrinkle pattern as a result of the release of the localized stress to minimize the total energy of the system ([@R13]). Apart from heating the bilayer system to a certain value in an oven, the irradiation of the samples by NIR for 2.5 min could also induce the formation of the wrinkles with the characteristic wavelength (λ) of 12.5 μm and amplitude (*A*) of 560 nm, owing to the excellent photon-to-thermal energy conversion effect of CNTs (fig. S10). This photon-to-thermal energy conversion effect of CNTs was further confirmed by the fact that the effect of NIR irradiation on thermal expansion of the CNT-PDMS substrate was similar to that of directly heating. Through this approach, various wrinkle patterns with tunable characteristic wavelength (λ) and amplitude (*A*) could be prepared by tuning the thickness of the top layer, in good agreement with linear buckling theory (fig. S11) ([@R26]). It should be noted that the wrinkle pattern on this bilayer system can be temporarily erased by NIR irradiation. The NIR irradiation can again induce the thermal expansion of the CNT-PDMS substrate, resulting in the decrease in the compressive strain of the bilayer systems and the disappearance of the wrinkles. After removing the NIR source and cooling to room temperature, the smooth surface is restored to the original wrinkled state ([Fig. 1](#F1){ref-type="fig"}, A and C). Because the thermal expansion of the elastic CNT-PDMS substrate can be easily tuned by NIR irradiation, the wrinkle pattern for this bilayer system with CNT-PDMS as the substrate can be easily controlled by the NIR on/off cycles. This strategy provides a versatile and general method for the fabrication of NIR-responsive dynamic wrinkles, and various materials \[for example, amorphous polymer polymethyl methacrylate (PMMA), poly (n-butylacrylate-co-anthracene-containing styrene) (PAN), and natural polymer gelatin\] can be used as the skin layers to realize the real-time dynamic transformation of surface morphology (fig. S12).

The dynamics of wrinkle extinction and formation
------------------------------------------------

We investigated the dynamics of wrinkle extinction and formation through NIR switchable on/off cycles for the case where the skin layer material is PSF with the thickness of 122 nm. We observed the dependence of the evolution of the wrinkle pattern on NIR irradiation via a profile measurement microscope. As illustrated in [Fig. 2](#F2){ref-type="fig"} (A to C) and movie S1, the wrinkle was gradually reduced by NIR radiation and completely disappeared after irradiation for 20 s. We suppose that the driving force for this effect originates from the photon-to-thermal energy conversion of CNTs, which causes the thermal expansion and deformation of the CNT-PDMS substrate when irradiated by NIR light. According to linear buckling theory, the critical strain (ε~c~) for the generation of the wrinkle in the given PSF/CNT-PDMS bilayer system is approximately 1.3%, and the critical strain for the elimination of the wrinkle ($\varepsilon_{c}^{\prime}$) is approximately 0.5% (the details of the calculation are shown in section S2.2) ([@R25], [@R27]). When irradiated by NIR light for 20 s, the CNT-PDMS length increased by \~0.6% compared to the initial length, owing to thermal expansion caused by photon-to-thermal energy conversion (section S2.2), which exceeded to the critical elimination strain and consequently resulted in the disappearance of the wrinkles ([@R45]). The dependence of the characteristic amplitude of the wrinkles (*A*/*A*~0~, where *A* and *A*~0~ represent the actual amplitude and initial amplitude of the wrinkle patterns, respectively) decreased sharply with the increasing NIR irradiation time as a result of the thermal expansion of the CNT-PDMS substrate ([Fig. 2G](#F2){ref-type="fig"}). By contrast, the wavelength of the wrinkle (λ) remained constant, which may be explained by the fact that the parameters that determine λ (the thickness and mechanical properties of the skin layer and the substrate) remained almost unchanged. After cessation of the NIR irradiation, the PSF/CNT-PDMS bilayer system gradually cooled down to room temperature and shrank to the original state, resulting in the recovery to the original wrinkled state ([Fig. 2](#F2){ref-type="fig"}, D to F). The recovery rate was slower in contrast to the disappearing process because of the slower heat dissipation compared to the excellent photon-to-thermal energy conversion efficiency of the CNT-PDMS, which was consistent with the temperature variation in the NIR on/off switch ([Fig. 1B](#F1){ref-type="fig"}). It is noted that the dynamic wrinkles are highly reversible, and the disappearance/formation process of the wrinkles could be conducted for more than 1000 NIR on/off cycles without damaging the characteristic morphology of the wrinkles.

![Dynamics of wrinkle extinction/formation process via NIR switchable on/off cycle.\
(**A** to **C**) Optical images of wrinkle disappearance behavior via NIR irradiation. (**D** to **F**) Optical images of the wrinkle formation process after cessation of NIR irradiation. (**G**) Deformation of CNT-PDMS and the corresponding amplitude variation of wrinkles as a function of NIR irradiation time. (**H**) Extinction/formation cycles. The skin layer is PSF with the thickness of \~122 nm, and the CNT content in the PDMS substrate is 0.05%. NIR light intensity is approximately 1.5 W/cm^2^. Scale bar, 100 μm.](aar5762-F2){#F2}

To understand the effect of CNTs on the wrinkle extinction dynamics, we decreased the CNT content in PDMS to 0.025%. It took approximately 30 s or longer to fully erase the wrinkle pattern by NIR irradiation. This should be ascribed to the lower efficiency of the photon-to-thermal energy conversion caused by the lesser content of CNTs in PDMS. The PDMS substrate that does not contain CNTs cannot be heated by NIR irradiation ([Fig. 1B](#F1){ref-type="fig"}), and consequently, a wrinkled pattern cannot be smoothed out by NIR irradiation, confirming that the photon-to-thermal energy conversion by the CNTs is necessary to erase the wrinkles. NIR light intensity is another key factor that determines the erasing rate. When the light intensity declined from 1.5 to 0.75 W/cm^2^, erasure time increased from 20 to 70 s (fig. S13).

Strategy for the formation of NIR-driven, hierarchical patterns
---------------------------------------------------------------

On the basis of this simple and general strategy for NIR-driven dynamic wrinkles by tuning the applied strain, in this work, we demonstrated a series of multiresponsive dynamical, hierarchical patterns with various topographies by using ultraviolet (UV) light--responsive materials as skin layers, whose modulus can be controlled by reversible photodimerization. A copolymer containing anthracene moieties \[PAN, *M*~n~ = 14,400 g·mol^−1^, *M*~w~/*M*~n~ = 1.52) was spin-coated on CNT-PDMS as the top layer with the thickness of 180 nm. The modulus and cross-linking density of the PAN top layer can be regulated by UV-induced reversible photodimerization of the anthracene moieties ([@R29], [@R30]). Upon heating at 80°C, the PAN/CNT-PDMS was irradiated by 365-nm UV light through a photomask for 40 min (fig. S14). The top layer of PAN at exposed regions that underwent the photodimerization of anthracene-containing styrene (AN) became cross-linked and stiff, showing a high modulus, whereas the unexposed region remained unchanged and soft. After stopping the illumination of 365-nm UV light and cooling down to room temperature, wrinkles occurred in the exposed region, owing to the considerable mismatch of the modulus and thermal expansion coefficient between the exposed skin layer and the elastic CNT-PDMS, whereas the unexposed region remained in its initial smooth state because the soft uncross-linked PAN could not accumulate sufficient compressive stress to trigger wrinkle formation ([Fig. 3](#F3){ref-type="fig"}, A and B). It should be noted that the wrinkle is highly ordered and perpendicular to the boundary between the exposed and unexposed region, owing to the boundary effect ([@R40], [@R45], [@R46]).

![NIR-driven controlled wrinkle pattern and its real-time dynamics.\
(**A**) Schematic illustration of controlled wrinkle formation. The inset at the bottom is the reversible chemical reaction in the skin layer via UV light irradiation with different wavelengths. (**B** to **D**) Optical images of stripe wrinkled pattern's disappearing behavior via NIR radiation. (**E** to **G**) Optical images of recovery evolution process after NIR being removed. (**H**) Optical image of hierarchical wrinkle pattern (**G**) erased by irradiation of 254-nm UV light for 5 min. Scale bar, 100 μm. (**I** and **J**) Optical images of the extinction/formation process of circular ring pattern. The NIR intensity is 1.5 W/cm^2^. The CNT content in PDMS is 0.05%. Scale bar, 621 μm.](aar5762-F3){#F3}

The dynamics of hierarchical wrinkle extinction and formation
-------------------------------------------------------------

As shown in [Fig. 3](#F3){ref-type="fig"} (B to D) and movie S2, when the hierarchically ordered wrinkle pattern was irradiated by NIR light, the pattern was reduced gradually until it completely disappeared after 15 s. In comparison to the isotropic wrinkles (fig. S15), this hierarchically anisotropic pattern could be erased more quickly by NIR irradiation, which may be ascribed to the unexposed area of soft PAN being able to lead to fast release of the compressive stress. After removing NIR irradiation, the erased pattern gradually restored the initial state of the anisotropic wrinkles because the bilayer sample shrank to the original state as the temperature gradually decreased ([Fig. 3](#F3){ref-type="fig"}, E to G). In addition to the thermal erasure of the wrinkle pattern by real-time NIR irradiation, this striped wrinkle can be permanently erased by 254-nm UV light irradiation, owing to the reversible photodimerization of anthracene moiety (AN). Upon irradiation by 254-nm UV light, the photocleavage of the AN dimer leads to an uncross-linked and soft PAN layer and the spontaneous release of compressive stress, resulting in wrinkle extinction ([Fig. 3H](#F3){ref-type="fig"}). The wrinkle-free surface remains fixed other than returning to the initial wrinkled state after the cessation of the 254-nm UV light irradiation, which represents a kind of typical relatively statically reversible pattern. The PAN/CNT-PDMS bilayer system without the pattern can be further used to generate other real-time dynamic wrinkle patterns by selective irradiation through different photomasks such as a circular ring and a circular pattern ([Fig. 3](#F3){ref-type="fig"}, I and J, and fig. S16). Therefore, by controlling the photodimerization of the top layer and photon-to-thermal energy conversion of the CNT-PDMS substrate, we can realize multiple regulation of the wrinkle patterns.

NIR-controlled dynamical light grating
--------------------------------------

Because of the versatility of this approach for dynamic control of surface morphology, together with good reversibility and sensitive responsiveness, this NIR-driven dynamic wrinkle pattern is well suited for the development of a new type of smart materials that can change their physical properties in optical and electronic devices. For example, the NIR-responsive dynamic wrinkle pattern shown in [Fig. 2](#F2){ref-type="fig"} can be used as the optical grating for dynamically tuning light diffraction, which is a challenge in the field of light control ([@R17], [@R47]--[@R52]). The optically transparent materials with a surface micropattern can cause light diffraction when a light beam passes through these samples ([Fig. 4A](#F4){ref-type="fig"}). The experiments were performed in transmission mode, using a green laser beam (λ = 532 nm), and the distance between the wrinkled sample and the screen was *d* = 1.0 m. As shown in [Fig. 4B](#F4){ref-type="fig"} and movie S3, when a green laser beam passed through the wrinkled sample, a diffraction ring pattern (concentric rings) was observed, and the distance between the central light spot and the inner ring (radius of the inmost circle, *r*) was similar to that of the adjacent diffraction rings. Upon NIR radiation, the green ring diffraction quickly disappeared from the outside ring to the inner light ring as a result of the gradual wrinkle extinction, and only a light spot remained after the wrinkles were completely erased within 20 s. When the NIR light was removed, the diffraction gradually recovered to its initial pattern, owing to the regeneration of the wrinkles. It was noted that the recovery rate was slower than that mentioned before, and we assumed that the CNT-PDMS substrate could absorb the green laser, leading to the slower recovery rate (fig. S6). We further investigated the influence of the morphology and size of wrinkles and the laser beam on the diffraction patterns. When one-dimensional anisotropic wrinkles were used to replace the disordered wrinkled samples, the distinguishing discrete laser spots were obtained instead of concentric rings. With the decrease of the wavelength of the wrinkles, the size of diffraction patterns increases gradually. The laser beam imposed an effect on the diffraction patterns as well. The red laser beam (λ= 650 to 660 nm) leads to the larger size of diffraction patterns than the green laser beam because of the longer wavelength of red laser (fig. S17). The light diffraction can be switched by NIR on/off for many cycles, and to the best of our knowledge, this is the first example of the realization of a NIR-controlled dynamical light grating.

![Illustration of the NIR-responsive wrinkle pattern serving as a dynamic light grating.\
(**A**) Schematic demonstration of the NIR-controlled dynamic light grating. (**B**) Evolution process of light diffraction patterns upon the NIR on/off switch. NIR light intensity is 1.5 W/cm^2^.](aar5762-F4){#F4}

Dynamic wrinkle pattern applied to fabricate smart windows, dynamic displays, and light-controllable electronics
----------------------------------------------------------------------------------------------------------------

Furthermore, the dynamic wrinkle pattern can enable the capacity for switchable optical windows. [Figure 5A](#F5){ref-type="fig"} demonstrates a representative result of switchable optical transparency in the wrinkled and wrinkle-free states of our reversible wrinkle system that undergoes on/off cyclic NIR irradiation. The as-prepared wrinkled surface was opaque with a frosted glass-like appearance, and the covered letter could not be observed. The opacity is due to the extensive scattering of light by the micro/nanoscale surface structures ([@R14], [@R24]). As the sheet was irradiated by NIR for 20 s to eliminate the wrinkle pattern, it became transparent and showed a clear transmitted image as a result of the absence of the wrinkles.

![Schematic representation of the NIR-driven smart windows, information record, and electronic devices.\
(**A**) Images of switchable transparency due to the reversibility of the wrinkled/wrinkle-free surface. The Shanghai Jiao Tong University logo is underlying the sample. The insets are AFM images. Scar bars, 100 μm. (**B**) Demonstration of dynamic information record through controlled wrinkle formation via different photomasks. (**C**) Schematic showing of NIR-driven electronics. (**D**) Optical images of the extinction/formation cycle of a gold-PAN/CNT-PDMS sample. Scale bar, 100 μm. (**E**) Electrical resistance as a function of NIR radiation time. NIR light intensity is approximately 1.5 W/cm^2^.](aar5762-F5){#F5}

By using photosensitive materials as the skin layer, the NIR-driven dynamic wrinkle pattern can also be used for recording information. The initial sample coated with PAN as the top layer with the thickness of 180 nm was a transparent surface. As shown in [Fig. 5B](#F5){ref-type="fig"}, after the initial wrinkle-free sample (i) was selectively exposed to 365-nm UV light, a specific pattern showing a positive letter "S" was obtained, which can be identified and is visible to the naked eye, owing to the light scattering of the wrinkle (ii). The initial wrinkle-free sample could be converted into a fully wrinkled surface via irradiation by 365-nm UV light without photomasks (iii). The fully wrinkled surface could be selectively erased by 254-nm UV light because of dedimerization and could write other information \[a negative letter "T" (iv)\]. The samples with specific information could temporarily be erased by NIR irradiation (v) and swiftly restored to their original state; this may find potential application in dynamic information record and dynamic no-ink display, such as the fabrication of dynamic QR codes and bar codes.

[Figure 5C](#F5){ref-type="fig"} presents a proof-of-concept device for light-controllable electronics realized by the NIR-driven wrinkle patterns. A conductive wrinkled sample prepared by sputtering gold on the wrinkled PAN/CNT-PDMS bilayer system was placed on two pieces of separated indium tin oxide (ITO) glass to fabricate NIR-driven dynamic electronics. Owing to the change of conformal contact between the conductive sample and ITO glass, the electrical resistance will be controlled by tuning the morphology of the surface wrinkles through NIR irradiation. As shown in [Fig. 5D](#F5){ref-type="fig"}, the gold-coated PAN/CNT-PDMS bilayer system can also achieve a switchable erasure/generation cycle via the NIR on/off switch. The initial resistance was approximately 16.1 ohms in the wrinkled state, while it gradually dropped upon NIR irradiation. After the wrinkle pattern fully disappeared, the resistance decreased by 15% compared to the initial state, which implies its potential application in light-operated electronics ([Fig. 5E](#F5){ref-type="fig"}). The sample can be cycled for more than 100 times via controlling the NIR on/off state while still retaining its capacities.

DISCUSSION
==========

In summary, we demonstrated a novel NIR-responsive dynamic wrinkle pattern with excellent reversibility and sensitive response by using a CNT-containing PDMS substrate for bilayer systems, in which the applied strain can be regulated by NIR-induced thermal expansion of the CNT-PDMS substrate, owing to the efficient photon-to-thermal energy conversion of CNT. The erasure and generation of the wrinkles are controlled by NIR on/off switches, and various functional materials can be used as the skin layer for fabricating a smart surface for the desired function. This NIR-responsive dynamical wrinkle can be used as a dynamic platform for the realization of the dynamic light gratings, no-ink displays, and NIR-controlled electronics. We believe that our strategy can be extended to a general method to provide real-time responsive wrinkles by the introduction of various responsive materials into the elastic substrate, such as other NIR-responsive materials (for example, graphene, metal nanoparticles, organic dyes, and conjugated polymers) and electromagnetic-responsive compounds. Furthermore, the NIR-driven wrinkling strategy is expected to expand the applications to prepare the dynamic anisotropic wrinkles by exploring more versatile elastic substrate materials, for example, liquid crystalline elastomers ([@R53], [@R54]). We envision that the real-time dynamic strategy for preparing NIR-responsive wrinkle patterns can be applied in situ for on-demand tuning of surface properties.

MATERIALS AND METHODS
=====================

Materials
---------

Single-walled nanotubes were purchased from Alpha Nano Technology Co. Ltd. and were directly used. 9-Anthracenemethanol and 4-vinylbenzyl chloride purchased from China National Pharmaceutical Group were used directly without further purification. Styrene, *n*-butyl acrylate, and perfluoroalkyl ethyl acrylate obtained from China National Pharmaceutical Group were washed by saturated sodium hydroxide solution to remove retarder and then were dried by magnesium chloride.

Fabrication of CNT-PDMS sheet
-----------------------------

Eight milligrams of single-walled CNTs, 16 g of PDMS base agent, and 20 ml of toluene were added into a flask and then were processed by ultrasound for 12 hours. Then, the mixture solution was left standing for 1 hour. Most well-distributed solution was taken out and dried in a vacuum oven at 70°C for 10 hours to completely remove the residual solvent. Then, the obtained CNT-containing PDMS base was mixed with 1.6 g of curing agent (PDMS base to curing agent at 10:1 weight ratio). The mixture was poured into a petri dish, degassed for 1 hour, and then cured at 70°C for 4 hours.

Preparation of PSF
------------------

PSF was synthesized by free radical copolymerization shown in fig. S7. Styrene (0.05 mol, 5.2 g) and perfluoroalkyl ethyl acrylate (0.0067 mol, 3.45 g) were dissolved in 10 ml of toluene, and then 88 mg of 2,2-azobisisobutyronitrile (AIBN) was added \[1 weight percent (wt %) total monomer weight\]. After the mixture totally dissolved, the polymerization reaction was performed at 70°C for 12 hours under nitrogen protection. The reaction mixture was precipitated in cold methanol. The filtered solid was washed by methanol six times. Then, it was dried in a vacuum oven at 70°C for 24 hours to obtain the product.

Preparation of AN
-----------------

9-Anthracenemethanol (0.017 mol, 3.471 g) and 4-vinylbenzyl chloride (0.020 mol, 3.04 g) were dissolved into 50 ml of dried tetrahydrofuran (THF) solvent. Sodium methanolate (0.12 mol, 6.48 g; exceeding five times) was added into a mixture solution and then was heated to reflux for 24 hours under nitrogen protection (fig. S8). After cooling to room temperature, the mixture solution was filtered to remove sodium methanolate. The solution was precipitated in 500 ml of cold methanol three times to obtain light yellow solid. After solid was filtered, it was dried in a vacuum oven at 50°C for 24 hours.

Preparation of PAN
------------------

PAN was synthesized by free radical copolymerization (fig. S9). AN (0.005 mol, 1.62 g) and *n*-butyl acrylate (0.0125 mol, 1.6 g) were dissolved into 15 ml of toluene, and then 32 mg of AIBN was added into the mixture (1 wt % total monomer weight). After the mixture totally dissolved, the polymerization reaction was performed at 70°C for 12 hours under nitrogen protection. The mixture solution was precipitated in 200 ml of cold petroleum ether three times to obtain light yellow solid copolymer. The filtered product was dried at 70°C for 24 hours.

Fabrication of NIR-driven dynamic wrinkle pattern
-------------------------------------------------

The toluene solution of PSF was spin-coated on the CNT-PDMS sheet. By varying the concentration of the solution and the spinning speed, a series of samples with different thicknesses of the skin layer were obtained. These samples were heated to 80°C for 3 min and cooled down to room temperature to gain various wrinkle patterns.

Fabrication of NIR-driven dynamic, hierarchical wrinkle pattern
---------------------------------------------------------------

The toluene solution of PAN was spin-coated on the CNT-PDMS sheet. The thickness of the skin layer could be controlled via varying the solution concentration and the spinning speed. These samples were heated to 80°C and exposed to 365-nm UV light for 40 min. After cooling down to room temperature, wrinkles occurred. Photomasks were used to precisely control wrinkle patterns.

Characterization
----------------

Surface patterns and their erasure/regeneration process were recorded by a profile measurement microscope (VF-7501, KEYENCE). AFM was also carried out to measure wrinkles in tapping mode by using silicon cantilevers with a force constant of 40 N/mv (E-Sweep, Seiko Instruments Inc.). The laser source used in the experiments was a laser diode controller (λ = 808 nm; LE-LS-808-1000TFCB, LEO Photonics). ^1^H nuclear magnetic resonance spectra were recorded on a Varian Mercury Plus spectrometer (400 MHz) with deuterated chloroform (CDCl~3~) and dimethyl sulfoxide-*d*~6~ as the solvent and tetramethylsilane as an internal standard at room temperature. The cross-linking dynamics of PAN was recorded via a TU-1091 spectrophotometer (Persee). Average molecular weight was measured by gel permeation chromatography (LC-20A, Shimadzu) using THF as an eluent.
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fig. S1. Image of CNT-PDMS that retains good transparency.

fig. S2. UV-vis-NIR spectrum of CNT-PDMS.

fig. S3. The temperature variation during NIR on/off switch monitored by an infrared camera.

fig. S4. Temperature variation during NIR light radiation with different intensities monitored by an infrared camera.

fig. S5. Temperature variation during 365-nm UV light radiation.

fig. S6. Temperature variation during the exposure of green laser beam.

fig. S7. The synthesis route to PSF.

fig. S8. The synthesis route to AN.

fig. S9. The synthesis route to PAN.

fig. S10. Wrinkles occur through NIR radiation.

fig. S11. Various wrinkles across different scales.

fig. S12. Various functional polymers served as the skin layers, including PSF, PMMA, PAN and gelatin.

fig. S13. Control experiments of the NIR-driven dynamic wrinkle pattern.

fig. S14. UV-vis spectra of dimerization of PAN.

fig. S15. The evolution process of PAN/CNT-PDMS wrinkles during NIR on/off cycles.

fig. S16. The extinction/formation process of the circular wrinkle pattern via NIR on/off switch.

fig. S17. The influence of the morphology and size of wrinkles and the laser beam on the diffraction patterns.

movie S1. Video of the fully wrinkled pattern's disappearance/formation behavior.

movie S2. Video of the striped wrinkled pattern's disappearance/formation cycle.

movie S3. Video of the diffraction ring/light spot switch corresponding to the wrinkled/wrinkle-free state of surface pattern.
